The properties of the clouds with the shape of Karman vortex street in the wake of Cheju Island, Korea are studied using satellite pictures which are taken approximately four hours apart. The results indicate that non-dimensional numbers and physical quantities obtained from the cloud vortex street satisfy theoretically as well as experimentally obtained criteria of Karman vortex street. The equation of the displacement of the cloud vortex street is derived through drag consideration.
Introduction
The existence of mesoscale atmospheric eddies in the wake of an island has been revealed by satellite pictures. Based on TIROS pictures Hubert and Kreuger (1962) first made an analysis on these mesoscale atmospheric eddies and suggested three possible formation mechanisms, i. e. purely mechanical, inertial oscillation and inertial instability. Further study was made by Chopra and Hubert (1965) who suggested that a particular type of mesoscale eddies manifested in the form of clouds in satellite pictures could be explained by the theory of Karman vortex street. They made an estimation of the displacement speed and various parameters based on the ratio between the distance of vortex rows and that of successive vortices, but no verification was possible for them due to lack of data showing later configuration of cloud vortex.
Through the study of daily APT pictures as well as AVCS pictures in the Far East, it is found that the clouds with the shape of Karman vortex street appear once in a while in the wake of Cheju Island, Korea from autumn to spring. Taking advantage of the pictures taken by two meteorological satellites ESSA 7 and 8 approximately 4 hours apart on March 5, 1969, the properties of this cloud vortex street is studied in reference with the theoretical and experimental showing a cloud pattern similar to Karman vortex street in the wake of Cheju Island, Korea. Vortex streets can be well recognized to the distance of nearly 600 km in the wake of the island. Later configuration of the vortex streets is shown in Fig. 2 (a) (b) is indicated in Fig. 6 . It can be seen that winds developed anticyclone to the west of Korea and a cyclone to the east of Japan with northerly wind of more than moderate intensity over the East China Sea.
3. The parameters of vortex cloud street.
3.1
The ratio of the spacing of the vortex rows and that of successive vortices Defining a and b as indicated in Fig. 7 , K~rman (1912) theoretically proved that a vortex street can be stable only when b/a is 0.281 in case of no side boundary fluid. However further laboratory experiments show that vortex street can be formed when the ratio is within the range of 0.28 and 0.52 (Chopra and Hubert) . have become weaker. The wind aloft observations made at Japanese aerological stations at 06 GMT indicate a similar tendency below 700 mb level and 1200 GMT wind aloft observations indicate further weakening winds, thus the average speed of the general current on which the vortex street is imbedded is estimated to be 18 kts. The surface observation indicates that the cloud forming vortex street is mostly strato-cumulus which coincides with the analysis of radiosonde data. In reference with other cases, it is found that the pressure patterns shown in Figs. 5 and 6 are typical ones when a vortex cloud street is formed in the wake of Cheju Island, i. e. a well
The ratio of b to a for this case is indicated In Table 1 . The number in the left column is taken in such a way that it increases southward. The difference in the values obtained from Figs. 1 and 2 is small although the sizes of the vortices and lengths of b and a in Fig. 2 are slightly larger than those of Fig. 1 . The average value of b/a obtained from Fig. 1 and 2 is 0.332.
3.2
Vortex shedding period, life time and displacement speed of the vortex streets
The average displacement speed C of the vortex streets during the period of picture times of Figs. 1 and 2 is found to be 7.0 m/s, which is about 76 % of the average speed of the general current. With the knowledge of C, the shedding period r is easily computed from Eq. (1).
Substituting the average distance of a shown in Table 1 , we obtain the shedding period v as 4.4 hours, which means the life time of the cloud vortices shown in Figs. 1 and 2 is considerably long.
It is possible to derive an equation which gives C as a function of b/a. Defining U, k, D and p to be the speed of the undisturbed flow, circu- Table 1 . Spacing of vortex rows (a) and that of individual vortices (b) and the ratio between them.
lation of the vortex, drag due to a vortex wake and the density of the fluid, respectively, the following equations hold for Karman vortex street (Milne-Thomson, 1960) .
For the special case of A=B, or b/a =0. 381, Eq. (7) Laboratory experiments indicate that of two real roots only the larger one applies. This is understandable from a physical requirement that the displacement speed should increase according to the decrease of b/a finally reaching that of the undisturbed flow speed itself in the limit of b/a = 0. Substitution of b/a = 0 into Eq.
(7) yields 0 and 1, the latter value means the displacement speed is equal to that of the undisturbed flow. Theoretical ratio, b/a=0.281 substituted into Eq. (7), gives 0.81 for the larger root while the laboratory observed value by Birkoff and Zarantonello (1957) was about 0.85. From these facts it is considered that Eq. (7) can be used to estimate the displacement speed of cloud vortex streets for different ratios of b/a less than 0.427.
3.3
Circulation, vorticity and tangential velocity
For the previously obtained numerical values of U, C and b/a, Eq. (2) gives 512 x 103 m2 sec-1 as the value of the circulation. If an assumption is made that the size of the vortex is approximated by the cloud vortices, then the tangential velocity can be obtained. From the average diameter of the first two vortices in Figs. 1 and 2 , (51 km), the tangential velocity and vorticity are obtained to be 3.2 m/sec or 34.6% of the undisturbed flow speed and 2.5 x 10 -4sec-1 respectively, the latter corresponds to a typical value of that of mesoscale atmospheric eddies.
Drag coefficient (CD)
Several investigators have estimated drag coefficient. Table 2 {after Shlichting (1962)} indicates the values of CD obtained through laboratory experiments for the range that the formation of Karman vortex streettakes place. On the other hand, through a numerical experiment, Hirota and Miyakoda (1965) obtained 1.05 when Karman vortex street was formed at Reynolds Number Re =100 behind a circular cylinder. Their value agrees well with the one obtained by Payne (1958) , Roshko (1954) and also the one obtained from Eq. (10) derived by Imai (1957) .
The values obtained by the latter investigators are a little smaller than those shown in Table 2 . It is shown in the previous section that CD can be estimated from Eq. (6). The representative cross stream dimension of the island d may be approximated by Eq. (12).
Generally speaking h1 and h2 should be the sea surface and the base of the inversion layer, but there are certain questions in this case. layers. The vertical wind distribution observed at Mosulpo located at the south-western edge of the island suggests the existence of an eddy motion between approximately 900 and 1300 meters as is shown in Fig. 8 . On the other hand, the estimated thickness of the cloud is thin, at most 350 meters. In spite of these facts, if an assumption is made that d is the average along the major axis between the sea surface and the level of the highest inversion (1510 m), d is 28.3 km which gives 1.3 as the value of CD. Since d depends on the integration range while CD is determined from d, the values for different integration ranges are shown in Table 3 for comparison. In reference with the values obtained by many investigators through laboratory experiments and considering the fact that the value of CD for an obstacle of an irregular shape would be larger than a simple shaped one like a cylinder or a sphere, the probable value would be somewhere between 0.9 and 1.5. 9 which is due to Homann (1936) or in other textbooks like Bachelor's (1967) . Since the value of v is not known in this case, an attempt is made to estimate Re indirectly. According to Roshko (1954) , Strouhal Number S defined by Eq. (14) uniquely depends on Re.
Substituting the previously obtained values of d (hereafter d is used for d), U and z, we obtain 0.194 as the value of S. The corresponding Re and CD obtained from Roshko's curve are 250 and 1.01 respectively. It is interesting to see a great resemblance between the shape of vortex streets of Re' s 225 and 281 in Fig. 9 and those in the satellite pictures of Fig. 1 and 2 . The value of v obatined from Eq. (13) for Re =250 is 1.05 x 107 cm2/sec which seems slightly smaller than that obtained from Lin's criterion (Lin, 1959 
